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I f  t e t h e r e d  o p e r a t i o n  o f  t h e  LM-ATM i s  i n c l u d e d  i n  t h e  
AAP-3/AAP-4 m i s s i o n ,  a s o l u t i o n  t o  t h e  t e t h e r  wrap-up problem must 
b e  found .  Te the r  wrap-up o c c u r s  when t h e  t e t h e r e d  sys t em i s  g r a v i t y -  
g r a d i e n t  s t a b i l i z e d  b e c a u s e ,  to m a i n t a i n  i t s  sun  o r i e n t a t e d  a t t i t u d e ,  
t h e  LM-ATM must r e v o l v e  once  p e r  o r b i t  w i t h  r e s p e c t  t o  t h e  t e t h e r .  

A p o s s i b l e  method o f  t e t h e r  management i s  to a t t a c h  t h e  
t e t h e r  t o  a boom t h a t  i s  ex tended  from t h e  LM-ATM. The boom i s  
h e l d  normal  to t h e  o r b i t a l  p l a n e  by t h e  ATM-CMG c o n t r o l  sys t em,  
and i s  o f  s u f f i c i e n t  l e n g t h  t h a t  t h e  LM-ATM w i l l  c l e a r  t h e  t e t h e r  
as i t  r o t a t e s .  I n  t h i s  s t a b l e  a t t i t u d e ,  t h e  t e t h e r  t e n s i o n  i s  
c o n s t a n t  and c a u s e s  a t o r q u e  on t h e  LM-ATM b e c a u s e  i t  a c t s  
a t  a moment arm a p p r o x i m a t e l y  e q u a l  t o  t h e  boom l e n g t h .  S i n c e  t h e  
LM r o t a t e s  w i t h  r e s p e c t  t o  t h e  t e t h e r  once e a c h  o r b i t ,  t h e  t o r q u e  
abou t  any LM a x i s  i s  p e r f e c t l y  p e r i o d i c  and i n t e g r a t e s  t o  z e r o  
w i t h  t i m e .  Al though t h e  n e t  r e q u i s i t e  change i n  CMG a n g u l a r  momentum 
i s  z e r o  a f t e r  an  o r b i t ,  t h e  t e t h e r  t o r q u e  must always be  c o u n t e r e d  b y  
t h e  C M G ' s .  T h e r e f o r e  CMG c a p a c i t y  s e t s  l i m i t s  on t h e  boom l e n g t h .  

If t h e  sum of t h e  momentum v e c t o r s ,  6000 f t  l b  s e c ,  c a n  
b e  u s e d  t h e  boom can  be ex tended  2 7 . 9 1  f e e t  f rom t h e  LM c e n t e r l i n e  
( a s suming  a 1 0 0  f o o t  t e t h e r ) .  T h i s  i s  n o t  p o s s i b l e  f o r  a l l  o r i e n -  
t a t i o n s  of t h e  boom because  of g r y o  g imba l  l i m i t s .  The a b s o l u t e  
minimum a v a i l a b l e  i s  t h e  momentum o f  a s i n g l e  CMG, 2000 f t  l b  s e e ,  
and here  t h e  boom e x t e n s i o n  i s  l i m i t e d  to 9 . 4 4  f e e t .  If t h i s  scheme 
i s  a d o p t e d ,  t h e  c o n f i g u r a t i o n  o f  t h e  LM-ATM s o l a r  p a n e l s  must b e  
changed f rom t h e  p r e s e n t  MSFC d e s i g n .  The c r u c i f o r m  of 1350 s q .  f e e t  
a r e a  w i l l  n o t  c l e a r  t h e  t e t h e r  w i t h  t h e  boom a l l o w e d  by u s i n g  t h e  
maximum CMG c a p a c i t y .  But severa l  o t h e r  p a n e l  c o n f i g u r a t i o n s  w i l l  
p r o v i d e  c l e a r a n c e ,  even  w i t h  t h e  boom a l l o w e d  by t h e  momentum c a p a c i t y  
o f  a s i n g l e  CMG. 
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COMPLETE MEMORANDUM TO - 

CO R R E SPO N DEN C E F I L E 5: 

O F F I C I A L  FILE C O P Y  

p l u s  one w h i t e  copy for e a c h  

a d d i t i o n a l  c a s e  referenced 

TECHNICAL L I B R A R Y  141 

E .  P .  Andrews - NASA/MLA 
J .  H .  D i s h e r  - NASA/MLD 
T .  A .  Keegan - NASA/MA-2 
C .  W .  Mathews - NASA/ML 
W .  B .  T a y l o r  - NASA/MLA 

H .  W .  D o t t s  - MSC/KS 
w. B .  Evans - MSC/KM 
H .  E .  Gar t re l l  - MSC/KF 
R .  F .  Thompson - MSC/KA 

L .  F. B e l e w  - MSFC/I-S/AA-MGR 
J .  C .  G love r  - MSFC/R-TO-V 
G .  B .  Hardy - MSFC/I-S/AA-I 
H .  J .  Horn - MSFC/R-AERO-D 
S.  R .  R e i n h a r t z  - MSFC/I-SC-MGR 
L.  G .  R icha rd  - MSFC/R-TO-DIR 

D. R .  Hagner 
W .  C .  H i t t i n g e r  
B .  T .  Howard 
J .  Z .  Menard 
I .  D.  Nehama 
I .  M .  Ross 
T .  H .  Thompson 
R .  L. Wagner 
Div. 1 0 1  S u p e r v i s i o n  
Div. 102 S u p e r v i s i o n  
A l l  Members Dep t s .  1 0 2 1 ,  1 0 2 2  
Department  1 0 2 3  
C e n t r a l  F i l e  
L i b r a r y  

BELLCOMM, INC. b * '  . TM- 67-1022-1 

DI STR I BUT I ON 

CGVER SHEET O N L Y  T O  



BELLCOMM. INC. 
1100 Seventeenth Street, N.W. Washington, D.C. 20036 

SUBJECT: T e t h e r  Management C o n s i d e r a t  i o n s  
f o r  AAP-4 
Case 600-3 

DATE: A p r i l  13 ,  1 9 6 7  

FROM: W. W .  Hough 

TM-67-1022-1 

TECHNICAL MEMORANDUM 

I N T R O D U C T I O N  

T h i s  memorandum d i s c u s s e s  t h e  t e t h e r  wrap-up problem 
a s s o c i a t e d  w i t h  t h e  o p e r a t i o n  o f  t h e  LM-ATM i n  a t e t h e r e d  mode 
d u r i n g  t h e  AAP-3/AAP-4 m i s s i o n s ,  and an  a n a l y s i s  o f  a p o s s i b l e  
t e t h e r  management scheme. For b r e v i t y ,  t h e  assembly  a t  t h e  
o t h e r  end o f  t h e  t e t h e r  which c o n s i s t s  of  t h e  S-IVB Workshop, 
A i r l o c k , M u l t i p l e  Docking Adapter ,  CSM, and D o s s i b l y  t h e  
Lunar  Mapping and Survey System w i l l  b e  c a l l e d  t h e  C l u s t e r .  

o f  t h i s  

1. 

2 .  

3.  

4 .  

The mode f o r  t e t h e r e d  o p e r a t i o n  assumed for p u r p o s e s  
d i s c u s s i o n  h a s  t h e  f o l l o w i n g  c h a r a c t e r i s t i c s :  

The whole t e t h e r e d  v e h i c l e  sys t em i s  g r a v i t y - g r a d i e n t  
s t a b i l i z e d .  T h i s  i m p l i e s  t h a t  t h e  t e t h e r  i s  o f  
s u f f i c i e n t  l e n g t h  t ha t  t h e  a x i s  o f  minimum moment 
o f  i n e r t i a  o f  t h e  sys t em w i l l  b e  a p p r o x i m a t e l y  p a r a l l e l  
t o  i t ,  regard less  o f  t h e  o r i e n t a t i o n  o f  t h e  C l u s t e r  w i t h  
r e s p e c t  t o  t h e  t e t h e r .  

The LM-ATM i s  f u r t h e r  away from t h e  e a r t h  t h a n  t h e  
C l u s t e r  i n  t h e  s t a b i l i z e d  a t t i t u d e  s o  t h a t  t h e  ATM's 
view of  t h e  s u n  w i l l  n o t  b e  o b s t r u c t e d  by t h e  C l u s t e r  
on t h e  s u n l i t  s i d e  o f  t h e  o r b i t .  

The t e t h e r  i s  always t a u t .  The sys t em i s  i n i t i a l i z e d  
such  t h a t  t h e  g r a v i t y - g r a d i e n t  f o r c e s  i n s u r e  t h i s  
c o n d i t i o n .  

The LM-ATM i s  i n e r t i a l l y  o r i e n t a t e d  w i t h  r e s p e c t  t o  
t h e  sun by i t s  CMG c o n t r o l  sys t em.  Under t h i s  con- 
s t r a i n t ,  t h e  LM-ATM must make one r e v o l u t i o n  w i t h  
r e s p e c t  t o  t h e  C l u s t e r  e a c h  o r b i t .  
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F i g u r e  1 i s  a view o f  a p a r t i c u l a r  o r b i t a l  p l a n e  t h a t  
c o n t a i n s  t h e  sun  l i n e  w i t h  t h e  t e t h e r e d  LM-ATM and C l u s t e r  
shown a t  s e v e r a l  p o s i t i o n s .  It i l l u s t r a t e s  t h e  above c h a r a c -  
t e r i s t i c s  as w e l l  as t h e  t e t h e r  wrap-up problem. I f  t h e  t e t h e r  
i s  connec ted  t o  t h e  LM-ATM a t  a s i n g l e  p o i n t  such  as t h e  c e n t e r  
o f  t h e  LM dock ing  p o r t  a s  i l l u s t r a t e d ,  t h e  sys t em may be  
i n i t i a l i z e d  such  t h a t  t h e  c e n t e r s  o f  mass o f  b o t h  v e h i c l e s  and 
t h e  t e t h e r  w i l l  l i e  i n  t h e  o r b i t a l  p l a n e .  T h i s  c o n d i t i o n  w i l l  
b e  m a i n t a i n e d  as a consequence o f  t h e  g r a v i t y - g r a d i e n t  s t a b l e  
a t t i t u d e .  A s  t h e  t e thered  v e h i c l e s  p r o g r e s s  a round t h e  o r b i t  
f rom t h e  l i g h t  t o  d a r k  s i d e ,  t h e  t e t h e r  and t h e  LM-ATM b e g i n  
t o  i n t e r s e c t .  The t e t h e r  cannot  pass t h r o u g h  t h e  LM on t h e  
d a r k  s i d e  as shown i n  t h e  i n n e r  d i a g r a m s ,  s o  w i l l  wrap a round  
i t .  The a c t u a l  wrap-up p r o c e s s  i s  i l l u s t r a t e d  by t h e  t h r e e  
o u t e r  s k e t c h e s  as t h e  v e h i c l e s  move from t o  t h e  c e n t e r  o f  t h e  
d a r k  s i d e  i n t o  t h e  s u n l i g h t ,  

EXTENDED BOOM TETHER AVOIDANCE SCHEME WHEN ORBITAL PLANE CONTAINS 
S U N  LINE 
- -- 

A p o s s i b l e  t e t h e r  avo idance  scheme f o r  t h i s  c o n d i t i o n  i s  
shown i n  F i g u r e  2 .  A r i g i d  boom i s  a t t a c h e d  t o  t h e  LM and 
e x t e n d e d  l a t e r a l l y  from t h e  LM-ATM c e n t e r  o f  mass. (The  f a c t  
t h a t  t h e  c e n t e r l i n e  of t h e  boom p a s s e s  t h r o u g h  t h e  LM-ATM 
c e n t e r  o f  mass i s  a convenience  f o r  a n a l y s i s  p u r p o s e s ,  i t  i s  
n o t  a p r e r e q u i s i t e  f o r  a working scheme. )  The o u t b o a r d  end 
o f  t h e  boom i s  equ ipped  w i t h  a s w i v a l  f o r  a t t a t c h m e n t  t o  t h e  
t e t h e r .  The boom i s  h e l d  normal t o  t h e  o r b i t a l  p l a n e  by t h e  
LM-ATM CMG sys t em,  and i s  of a l e n g t h  t h a t  a l l o w s  t h e  end o f  
an  e x t e n d e d  LM-ATM s o l a r  p a n e l  t o  p a s s  u n d e r n e a t h  t h e  t e t h e r .  
T h i s  p o s i t i o n  i s  t h e  one shown i n  F i g u r e  2 ;  i t  o c c u r s  when t h e  
v e h i c l e s  a re  a t  t h e  c e n t e r  o f  t h e  d a r k  s ide  pass. The f a c t  
t h a t  t h e  t e t h e r  a x i s  no l o n g e r  p a s s e s  t h r o u g h  t h e  LM-ATM c e n t e r  
o f  mass f o r c e s  b o t h  t h e  LM and t h e  C l u s t e r  o u t  o f  t h e  o r b i t a l  
p l a n e .  F o r  a s t a b l e  a t t i t u d e  t h e  ou t -o f -p l ane  component o f  t h e  
t e t h e r  t e n s i o n  must b e  e q u a l  and o p p o s i t e  t o  t h e  ou t -o f -p l ane  
component o f  t h e  g r a v i t y  f o r c e  on b o t h  v e h i c l e s .  The t e t h e r  
t e n s i o n  a c t s  on t h e  LM w i t h  a moment a r m  a p p r o x i m a t e l y  e q u a l  t o  
t h e  boom l e n g t h ,  and a l t h o u g h  t h e  r e s u l t i n g  t o r q u e  on t h e  LM 
i s  p e r i o d i c  ( i n  t h e  s t a b l e  o r i e n t a t i o n )  w i t h  a c i r c u l a r  f r e q u e n c y  
e q u a l  t o  t h e  o r b i t a l  r a te  t h e  LM-ATM C M G ' s  must s t o r e  t h e  
r e q u i s i t e  a n g u l a r  momentum. CMG momentum s t o r a g e  c a p a c i t y  
p l a c e s  l i m i t s  on boom and t e t h e r  l e n g t h s .  A two d i m e n s i o n a l  
a n a l y t i c a l  t r e a t m e n t  o f  t h i s  problem i s  g i v e n  l a t e r  i n  t h i s  
memorandum. 



5- 
v) L- 

I 

I 

3 
n 
m 
W 

W r 
t; 
k-W n 
no 
Z I  
un 
m w  
W N  
I-- 
rA-l 

0 4  
I- 

Yv)  

a- a m  

I zz -- 
I 



E 
4 

f 

L 
I- 



BELLCOMM, I N C .  - 5 -  

DISCUSSION OF THE ANGLE BETWEEN SUN LINE AND ORBITAL PLANE 

A l l  d i s c u s s i o n  t o  t h i s  p o i n t  has been based  on t e t h e r e d  
o p e r a t i o n  of  t h e  LM-ATM when t h e  o r b i t a l  p l a n e  c o n t a i n s  t h e  sun  
l i n e .  T h i s  i s  a s p e c i a l  c o n d i t i o n  t h a t ,  f o r  a 28 1 / 2 O  o r b i t a l  
i n c l i n a t i o n ,  o c c u r s  p e r i o d i c a l l y  w i t h  a n  a v e r a g e  i n t e r v a l  o v e r  
a y e a r  o f  a p p r o x i m a t e l y  2 3  d a y s .  A t  a l l  o t h e r  t imes ,  t h e r e  i s  
a n  a n g u l a r  d e v i a t i o n  between t h e  o r b i t a l  p l a n e  and t h e  s u n  l i n e .  
F i g u r e  3 i l l u s t r a t e s  how t h i s  a n g l e  v a r i e s  w i t h  t i m e .  I n  t h e  
e a r t h - s u n  sys t em shown, t h e  e a r t h ' s  p o l a r  a x i s  w i l l  l i e  some- 
where on a cone of  23.5' h a l f - a n g l e  whose c e n t e r l i n e  i s  normal  
t o  t h e  e c l i p t i c  p l a n e .  The p o l a r  a x i s  makes one r e v o l u t i o n  
a r o u n d  t h e  cone p e r  year .  The normal  t o  t h e  o r b i t a l  p l a n e ,  
d e f i n e d  as t h e  v e c t o r  Z ,  w i l l  a lways  make an a n g l e  t o  t h e  e a r t h ' s  
p o l a r  a x i s  t h a t  i s  e q u a l  t o  t h e  o r b i t a l  i n c l i n a t i o n .  I n  t h e  

AAP-3/AAP-4 m i s s i o n ,  t h e  i n c l i n a t i o n  i s  t o  b e  28 1/2'. 
v e c t o r  Z r e g r e s s e s  a round t h e  p o l a r  a x i s  a t  a n o d a l  r e g r e s s i o n  r a t e  
which i s  de te rmined  by t h e  o r b i t a l  a l t i t u d e  and i n c l i n a t i o n ,  
f o r m i n g  a cone o f  h a l f - a n g l e  e q u a l  t o  t h e  o r b i t a l  i n c l i n a t i o n .  
The  p r o j e c t i o n  o f  t h e  o r b i t  on  a p l a n e  c o n t a i n i n g  t h e  e a r t h - s u n  
l i n e  and t h e  Z v e c t o r  i s  a l i n e .  The a n g l e  between t h e  sun  l i n e  
and  t h e  o r b i t a l  p l a n e  i s  d e f i n e d  as B .  If B i s  t a k e n  p o s i t i v e  as 
shown i n  F i g u r e  3 ,  t h e  l i m i t s  on B can  be  s p e c i f i e d  f o r  any t i m e  
o f  t h e  y e a r .  I B L + 52'; a t  t h e  

b e g i n n i n g  of  summer, -52 
s p r i n g  and f a l l ,  -28 1 / 2 O  L B I 2 8  1/2'. 
B ,  i s  z e r o  when t h e  Z v e c t o r  c o i n c i d e s  w i t h  t h e  p l a n e  normal  t o  
t h e  sun  l i n e .  F o r  any o r b i t a l  i n c l i n a t i o n  g r e a t e r  t h a n  2 3  1/2' ,  
t h e  cone on which Z l i e s  w i l l  a lways  i n t e r s e c t  t h i s  p l a n e  a t  two 
p l a c e s .  The a v e r a g e  i n t e r v a l  between o c c u r r e n c e s  o f  B = 0 can  b e  
d e t e r m i n e d  by d i v i d i n g  the  a v e r a g e  a n g l e  t r a n s v e r s e d  b y  t h e  Z 
v e c t o r  between c r o s s i n g s  of t h i s  p l a n e  b y  t h e  a n g u l a r  r a t e  o f  
t h e  Z v e c t o r ,  which i s  t h e  sum of t h e  a n g u l a r  r a t e  o f  t h e  e a r t h  
a b o u t  t h e  s u n ,  Q E ,  and t h e  o r b i t a l  r e g r e s s i o n  r a t e ,  QR. 

a p p r o x i m a t e l y  1°/day and RR f o r  a 28 1 / 2 O  i n c l i n a t i o n  and 250 NM 

a l t i t u d e  i s  a p p r o x i m a t e l y  6.g0/day.  

The 

0 A t  t h e  b e g i n n i n g  of  w i n t e r ,  -5 
0 5 B 5 + 5'; and a t  t h e  b e g i n n i n g  of 

The ou t -o f -p l ane  a n g l e ,  

R E  i s  

The a v e r a g e  i n t e r v a l  i s  t h e n :  

= 23 days  180' I =  - 
7 9"/day 
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The re  w i l l  t h e r e f o r e  b e  e i t h e r  two or t h ree  o p p o r t u n i t i e s  i n  
t h e  56-day AAP-3jAAP-4 mission t o  o p e r a t e  tile LM-ATM i n  a 
t e t h e r e d  mode w i t h  B = 0 .  

DISADVANTAGES OF FIXED BOOM WHEN SUN LINE-ORBITAL PLANE ANGLE I S  
NOT ZERO 

T e t h e r e d  o p e r a t i o n  w i t h  t h e  f i x e d  boom ( f i x e d  i n  t h e  
s e n s e  t h a t  i t  i s  a lways  i n  a s i n g l e  p o s i t i o n  normal  t o  t h e  LM- 
ATM X a x i s )  a t  a t i m e  when B i s  n o t  z e r o  has two d i s a d v a n t a g e s .  
F i r s t ,  s t a b i l i t y  c o n d i t i o n s  v a r y  w i t h  o r b i t a l  p o s i t i o n .  A 
t h r e e  d i m e n s i o n a l  dynamic a n a l y s i s  i s  r e q u i r e d  and i t  r e s u l t s  
i n  t h r e e  s i m u l t a n e o u s ,  s econd-o rde r ,  n o n - l i n e a r  d i f f e r e n t i a l  
e q u a t i o n s  which r e q u i r e  computer  s o l u t i o n  b y  n u m e r i c a l  i n t e -  
g r a t i o n  f o r  any g i v e n  c a s e .  Such s o l u t i o n s  have n o t  been 
o b t a i n e d  because  of  a second d i s a d v a n t a g e ,  which i s  d i s c u s s e d  
w i t h  t h e  h e l p  of  F i g u r e  4 .  The c e n t e r  of  mass o f  t h e  t e the red  
s y s t e m  t r a v e l s  a round t h e  o r b i t  which i s  i n c l i n e d  t o  t h e  sun  l i n e  
a t  an  a n g l e  B .  A l o c a l  v e r t i c a l  c o o r d i n a t e  sys t em w i t h  o r i g i n  
a t  t h e  combined c e n t e r  of mass a l s o  t r a v e l s  a round  t h e  o r b i t .  
T h i s  r i g h t - h a n d e d  c o o r d i n a t e  s y s t e m  has a x e s :  

x = i n  t h e  o r b i t a l  p l a n e  o p p o s i t e  t h e  v e l o c i t y  v e c t o r  

y = a l o n g  t h e  l o c a l  v e r t i c a l ,  p o s i t i v e  up 

z = normal  t o  t h e  o r b i t a l  p l a n e  p o s i t i v e  toward  t h e  n o r t h .  

The  c o o r d i n a t e  sys t em r o t a t e s  abou t  z w i t h  r a t e  w which i s  e q u a l  
t o  t h e  o r b i t a l  r a t e .  The LM-ATM w i t h  a f i x e d  t e t h e r  management 
boom i s  i n e r t i a l l y  he ld  by i t s  C M G ' s  w i t h  t h e  ATM a x i s  p o i n t e d  
a t  t h e  sun .  The boom, of  f i x e d  l e n g t h  b ,  i s  h e l d  normal  t o  t h e  s u n  
l i n e  and t o  p r o v i d e  maximum t e t h e r  c l e a r a n c e ,  i t  i s  h e l d  i n  t h e  
s u n  i i n e - z  p l a n e .  T h e r e f o r e  t h e  a n g l e  be tween t h e  boom and t h e  
z a x i s  i s  a lways  B .  The two p o s i t i o n s  o f  t h e  t e t h e r e d  assembly  
shown i n  F i g u r e  4 are  t h e  p o s i t i o n  c l o s e s t  t o  t h e  sun  and t h e  
p o s i t i o n  f u r t h e s t  away f o r  t h e  sun .  They are  t h e  o n l y  p o s i t i o n s  

, where, i n  an  o r i e n t a t i o n  of dynamic e q u i l i b r i u m ,  t h e  c e n t e r s  o f  
mass of  t h e  LM-ATM and t h e  C l u s t e r ,  t h e  boom, and t h e  t e t h e r  are 
i n  a s i n g l e  p l a n e ,  t h e  y-z p l a n e .  With a t e t h e r  o f  f i x e d  l e n g t h  
S ,  t h e  d i s t a n c e  L between t h e  c e n t e r  o f  mass o f  t h e  LM-ATM and 
t h e  C l u s t e r  changes  as a f u n c t i o n  o f  o r b i t a l  p o s i t i o n ,  b e i n g  
minimum a t  t h e  p o i n t  c l o s e s t  t o  t h e  sun  and maximum a t  t h e  p o i n t  
f u r t h e s t  f rom t h e  sun .  The t e n s i o n  i n  t h e  t e t h e r  i n c r e a s e s  as 
t h i s  s e p a r a t i o n  i n c r e a s e s ,  and i s  t h e r e f o r e  maximum a t  t h e  p o i n t  
f u r t h e s t  f rom t h e  s u n ,  The moment a r m  between t h e  t e t h e r ' s  l i n e  
o f  a c t i o n  and t h e  c e n t e r  of  mass of  t h e  LM-ATM, l a b l e d  a i n  
F i g u r e  4 ,  i s  a l s o  g r e a t e r  a t  t h e  p o i n t  f u r t h e s t  f rom t h e  s u n .  
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T h e  a b s o l u t e  t o r q u e  i n  t h e  LM caused  by t h e  t e t h e r  t e n s i o n  i s  
t h e r e f o r e  maximum a t  t h e  p o i n t  f u r t h e s t  f rom t h e  s u n  and minimum 
a t  t h e  p o i n t  c l o s e s t  t o  t h e  s u n .  The t o r q u e s  a t  t h e s e  two p o i n t s  
are  o p p o s i t e  e a c h  o t h e r  w i t h  r e s p e c t  t o  t h e  i n e r t i a l l y  h e l d  LM- 
ATM. We can  conc lude  t h a t  about  t h e  LM-ATM a x i s  t h a t  i s  h e l d  
normal  t o  t h e  p l a n e  of  t h e  p a p e r  i n  F i g u r e  4 ,  t h e  t o r q u e  caused  
by t h e  t e t h e r  t e n s i o n ,  a l t h o u g h  p e r i o d i c ,  does  n o t  i n t e g r a t e  
t o  z e r o  w i t h  t i m e  o v e r  an o r b i t  and t h a t  t h e r e  must be  a n e t  
change i n  t h e  a n g u l a r  momentum o f  t h e  t h r e e  C M G ' s .  The accumu- 
l a t i o n  o f  t h i s  momentum change o v e r  s e v e r a l  o r b i t s  w i l l ,  a t  some 
t i m e ,  exceed  t h e  momentum exchange c a p a c i t y  of  t h e  C M G ' s  and 
t h e i r  momentum w i l l  have t o  b e  un loaded  by f i r i n g  t h e  LM RCS 
s y s t e m .  

ANALYSIS OF STABILITY CONDITIONS WITH BOOM NORMAL TO ORBITAL PLANE 

The o n e - o r b i t  ave rage  o f  t e t h e r - i n d u c e d  t o r q u e  a b o u t  any 
LM a x i s  w i l l  b e  z e r o  (for a s t a b l e  o r i e n t a t i o n )  o n l y  when t h e  boom 
i s  h e l d  normal  t o  t h e  o r b i t a l  p l a n e .  For a boom f i x e d  normal  t o  
t h e  LM-ATM X a x i s ,  t h i s  o c c u r s  o n l y  when f3 i s  z e r o .  However, i f  
t h e  boom i s  g i v e n  one degree  o f  f reedom w i t h  r e s p e c t  t o  t h e  LM i n  
t h e  s u n  l i n e - z  p l a n e ,  and a r o t a t i n g  mechanism t h a t  s e t s  t h e  boom 
a t  an  a n g l e  of  90' + f3 t o  t h e  sun  l i n e ,  t h e n  t h e  c o n d i t i o n s  f o r  
s t a b i l i t y  are  i d e n t i c a l  f o r  any  B .  The boom and t h e r e f o r e  t h e  
LM-ATM c e n t e r  of  mass w i l l  l i e  i n  t h e  y-z p l a n e  o f  t h e  r o t a t i n g  
x-y-z c o o r d i n a t e  s y s t e m  shown i n  F i g u r e  4 .  A n o n - o s c i l l a t i n g  
s t ab le  o r i e n t a t i o n  i m p l i e s  that  t h e  C l u s t e r  c e n t e r  of mass w i l l  
a l s o  l i e  i n  t h e  y-z p l a n e .  S i n c e  t h e  t e t h e r  c o n n e c t s  t h e  C l u s t e r  
c e n t e r  o f  mass t o  t h e  end o f  t h e  boom, t h e  t e t h e r  must a l s o  l i e  i n  
t h e  y-z p l a n e ,  and t h e  s t a b l e  o r i e n t a t i o n  can  be found by con- 
s i d e r i n g  o n l y  t h e  p o s i t i o n s  i n  t h i s  p l a n e .  F i g u r e  5 shows t h i s  
p l a n e  and p a r a m e t e r s  needed i n  t h e  s t a b i l i t y  a n a l y s i s .  

The LM-ATM has c o o r d i n a t e s  yL and zL,  t h e  C l u s t e r  co- 
o r d i n a t e s  yc and z c ,  and t h e  o u t b o a r d  end o f  t h e  boom, yp  and zp .  
S i n c e  t h e  boom i s  p e r p e n d i c u l a r  t o  t h e  o r b i t a l  p l a n e ,  x-y, i t  i s  
p a r a l l e l  t o  t h e  z a x i s .  T h e r e f o r e :  

- 
YP - YL 

z = z L t b  P 

where b i s  t h e  f i x e d  boom l e n g t h .  
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FIGURE 5 - DIAGRAM FOR S T A B I L I T Y  ANALYSIS 
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The d i s t a n c e  from t h e  c e n t e r  of  mass o f  t h e  t e t h e r e d  

t o  t h e  c e n t e r  o f  
L sys t em,  which i s  t h e  origin o f  t h e  c o o r d i n a t e  sys t em,  i s  1 

t o  t h e  c e n t e r  o f  mass of t h e  LM-ATM, and lC 

mass o f  t h e  C l u s t e r .  T h e  d i s t a n c e  between t h e  c e n t e r s  o f  mass 
o f  b o t h  v e h i c l e s  i s  L ,  and t h e r e f o r e :  

lL t lC = L 

If e i s  t h e  a n g l e  between t h e  z a x i s  and t h e  l i n e  c o n n e c t i n g  
t h e  c e n t e r s  o f  mass: 

yL = lL s i n  e 

z = lL C O S  e L 

yc  =-lC s i n  e 

(3) 

(4) 

( 5 )  

z C  =-lC C O S  e ( 7 )  

If p i s  t h e  a n g l e  be tween t h e  z a x i s  and t h e  t e t h e r  o f  f i x e d  
l e n g t h  S ,  t h e n :  

+ s c o s  p (9) = z c  P 

S u b s t i t u t i n g  i n  ( 8 )  for y p  by (1) and ( 4 ) , a n d  f o r  yc by ( 6 )  
w e  o b t a i n :  

1 s i n  8 = -lC s i n  e + S s i n  p L 

and  u t i l i z i n g  ( 3 ) :  

L s i n  e = S s i n  p 
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S u b s t i t u t i n g  i n  ( 9 )  for z p  b y  ( 2 )  and ( 5 ) , a n d  for z c  by 
( 7 )  w e  o b t a i n :  

ic C O S  e + b = -lc C O S  e + s C O S  ,J 

o r ,  u t i l i z i n g  ( 3 ) :  

L c o s  e + b = S cos  1.1 

I f  w e  w r i t e  t h e  g e n e r a l  a c c e l e r a t i o n s  f o r  a p o i n t  
d e s c r i b e d  by c o o r d i n a t e s  y and z and a p p l y  Newton's l a w ,  w e  
o b t a i n  f o r  t h e  y d i r e c t i o n  

F 
-2 2 .. 2 

-Ru t y t ~ u X  - w y - 

and f o r  t h e  z d i r e c t i o n :  

.. 
Z 

2 
I n  ( 1 2 )  t h e  -Rw term i s  d 

- FZ - -  M 

ie t o  t h e  r o t a t i  n f t h e  o r i g i n  f 
t h e  c o o r d i n a t e  s y s t e m  abou t  t h e  ea r th ' s  c e n t e r  a t  r a t e  w and 
d i s t a n c e  R ,  and - W  y i s  due t o  t h e  r o t a t i o n  of  t h e  c o o r d i n a t e  
s y s t e m  a t  t h e  same r a t e  a b o u t  i t s  o r i g i n .  2 ~ 2  i s  t h e  C o r i o l i s  
a c c e l e r a t i o n  i n  t h e  y d i r e c t i o n ,  b u t  i s  z e r o  i n  t h i s  c a s e  
b e c a u s e  t h e  p o i n t  i s  c o n s t r a i n e d  t o  l i e  i n  t h e  y-z p l a n e  and 
2 = 0 .  

g r a v i t a t i o n a l  f o r c e s  and f o r c e s  t r a n s m i t t e d  t h r o u g h  t h e  t e t h e r .  
The g r a v i t a t i o n a l  f o r c e  on a body o f  mass M i s  d i r e c t e d  t o  t h e  
c e n t e r  of t h e  ea r th  and i s  a p p r o x i m a t e l y :  

2 

F and FZ are  t h e  y and  z components o f  t h e  sum o f  Y 
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The y and z components can be written: 

2 
Ro M G Me M - F = -  - -  

gY (R f YI2 (1 t E)’ 

2 GMe 
where o = - from the dynamics of the center of mass of the 

R 3  
total system, 

The tension in the tether, Ft, has components acting 
on either body of: 

Putting (14) and (16) into (12), 

2 
and expanding (1 t E)- 
order terms only, we obtain: 

by the binomial theorem,retaining first 

2 
+ 3 u y  .. Ft Y = - g-- (sin u]m 
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S i m i l a r l y  p u t t i n g  ( 1 5 )  and ( 1 7 )  i n t o  (13), 

2 P 

Y Z  
R 

T h e r e f o r e :  

3 
Expans ion  o f  (1 + $1- g i v e s  a 3 w  - term which w i l l  b e  n e g l e c t e d  
as  Y i s  v e r y  small compared t o  1. 

T h e  c o n d i t i o n s  f o r  s t a b i l i t y  w i t h  no o s c i l l a t i o n s  a re  t h a t  t h e  

a c c e l e r a t i o n s  y and z must b e  z e r o .  S i m i l a r l y  t h e  a n g l e s  8 and u 
and t h e  c o o r d i n a t e s  o f  t h e  masses must b e  c o n s t a n t .  It i s  a p p a r e n t  
t h a t  such  s o l u t i o n s  t o  (16) and ( 1 9 )  e x i s t ,  and  i t  r e m a i n s  o n l y  
t o  f i n d  them. Using  t h e s e  c o n d i t i o n s  f o r  b o t h  b o d i e s ,  ( 1 8 )  c a n  
b e  w r i t t e n  f o r  t h e  LM as: 

.. .. 

and f o r  t h e  C l u s t e r  as :  

S u b s t r a c t i n g  ( 2 1 )  f rom ( 2 0 )  and  u s i n g  ( 3 ) :  
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(19) f o r  the LM becomes: 

Ft 2 

ML 
- COS ,, ( t 1) = --o iL COS e 

and for the Cluster: 

Subtracting ( 2 4 )  from (23) and using (3): 

Substituting (10) in (22): 

Substituting (11) into ( 2 5 ) :  

dividing (26) by sin p and ( 2 7 )  by cos p and subtracting 
gives : 

2 

c o s  ,, 2 4w s - bu = 0 

o r :  
b cos p = 2i-g 
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If w e  d i v i d e  ( 2 2 )  by  ( 2 5 ) ,  we o b t a i n :  

t a n  u = -3 t a n  e 

Af te r  some manupula t ion  th rough  r e l a t i o n s  o f  i n v e r s e  
t r i g o n o m e t r i c  f u n c t i o n s ;  w e  c a n  w r i t e :  

The t e n s i o n  i s  t h e  t e t h e r  can b e  found d i r e c t l y  f rom ( 2 6 ) :  

2 
3 w  s - - MC ML 

Ft MC + ML 

The t o r q u e  on t h e  LM abou t  t h e  x a x i s  o f  t h e  r o t a t i n g  l o c a l  
v e r t i c a l  c o o r d i n a t e  s y s t e m  is :  

TL = Ft b s i n  u 



J 
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S u b s t i t u t i o n  of Ft b y  (31) and o f  s i n  u = (1 -cos 
c o s  1-1 o b t a i n e d  from (28) y i e l d s :  

pl1I2 w i t h  

T h i s  t o r q u e  i s  c o n s t a n t  and p o s i t i v e  abou t  t h e  x a x i s  i f  

u i s  between 0 and 90'. 
o r i e n t a t i o n  w i t h  r e s p e c t  t o  t h e  sun ,  however,  and there-  
f o r e  t h e  x a x i s  and t o r q u e  v e c t o r  r e v o l v e  once  p e r  o r b i t  
w i t h  r e s p e c t  t o  t h e  LM about  a LM a x i s  c o i n c i d e n t  w i t h  t h e  
boom. To m a i n t a i n  t h e  LM-ATM i n  t h e  i n e r t i a l  o r i e n t a t i o n ,  
t h e  momentum v e c t o r  o f  t h e  control-moment g y r o s  must r o t a t e  
a b o u t  t h e  same a x i s  l a g g i n g  t h e  t o r q u e  v e c t o r  by 90'. T h i s  
f o l l o w s  from t h e  r e l a t i o n  t h a t  t h e  t o r q u e  v e c t o r  i s  e q u a l  
t o  t h e  t i m e  d e r i v a t i v e  of t h e  a n g u l a r  momentum v e c t o r ,  H .  
I n t e g r a t i o n  o f  t h a t  e q u a t i o n  g i v e s  t h e  magni tude  o f  t h e  
momentum v e c t o r :  

The LM-ATM i s  i n  a n  i n e r t i a l  

i s  t h e  maximum CMG momentum v e c t o r ,  t h e n :  If Hmax 

0 - 
max - Hmax T 

From (32) and (33) w e  can  solve f o r  t h e  maximum boom l e n g t h ,  
bmax t h a t  w i l l  a l l o w  t h e  C M G ' s  t o  i n e r t i a l l y  s t a b i l i z e  t h e  

LM-ATM, 

We are i n t e r e s t e d  i n  comparing t h e  maximum boom 
l e n g t h  g i v e n  by t h i s  e q u a t i o n  w i t h  t h e  boom l e n g t h  needed 
t o  a l l o w  t h e  LM-ATM s o l a r  p a n e l s  t o  p a s s  u n d e r  t h e  t e t h e r .  
The q u a n t i t i e s  i n  e q u a t i o n  (34) are:  

(33) 
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2 

ML = 7 6 0  Ib f t  (24,500 l b  LM-ATM) 

2 

lb (89 ,700  l b  C l u s t e r )  MC = 2785 f t  

= 6000  f t  l b  sec max H 

3 
o = 1 . 1 1 6  x 10- r a d / s e c  a t  2 5 0  NM a l t i t u d e  

S = 1 0 6  f t  ( 1 0 0  f t  t e t h e r  + 6 f t  MDA r a d i u s )  

2 M t ML !! Hmax ( ic ML ) = 1 2 0 0 8  f t  
3 w  

So e q u a t i o n  ( 3 4 )  w i t h  a l l  but  bmax e v a l u a t e d  i s :  

2 
179776  - bmax = 1 2 0 0 8  f t  bmax 

which y i e  Id s  : 

= 28 .38  f t  bmax 

The t e n s i o n  i n  t h e  t e t h e r  from e q u a t i o n  ( 3 1 )  i s :  

Ft = 0 .236  pounds 



BELLCOMM, INC. - 1 9  - 

If t h e  LM-ATM s o l a r  p a n e l  i s  a t t a c h e d  a t  t h e  base of  t h e  ATM 
rack it  may e x t e n d  a m a x i m m  o f  2 7 . 9 1  f e e t  f rom t h e  LM-ATM 
c e n t e r l i n e .  I f  t h e  s o l a r  p a n e l  i s  s q u a r e  i n  shape  w i t h  a 
edge 27.5 f e e t  (which g i v e s  a 5 i n c h  c l e a r a n c e )  f rom t h e  c e n t e r -  
l i n e  and an 11 f o o t  s q u a r e  i s  d e l e t e d  a t  t h e  c e n t e r  t o  a l l o w  
sun exposure  of  t h e  ATM and r a c k  subsys t ems ,  a t o t a l  s o l a r  
p a n e l  area of  2900  s q .  fee t  can  b e  o b t a i n e d .  The r e q u i r e d  
s o l a r  pane1  area i s  1350 s q .  f e e t ,  w h i c h , i f  t h e  same D a t t e r n  
i s  adop ted ,  p u t s  t h e  s o l a r  p a n e l  edge 1 9 . 2  f e e t  from t h e  LM- 
ATM c e n t e r l i n e  and g i v e s  an 8 . 7  f o o t  c l e a r a n c e  between t h e  
edge  and t h e  t e t h e r .  A c o r n e r  of such  a s o l a r  p a n e l  would 
j u s t  c l e a r  t h e  t e t h e r  i f  t h e  p r o j e c t i o n  of  t h e  boom on t h e  
s o l a r  p a n e l  c o i n c i d e d  w i t h  t he  c o r n e r  r a the r  t h a n  t h e  c e n t e r  
of an edge .  Many o t h e r  s o l a r  p a n e l  c o n f i g u r a t i o n s  a re  s u i t a b l e ,  
t h e  r e s t r i c t i o n  b e i n g  t h a t  on t h e  s i d e  of' t h e  LM-ATM t o  which 
t h e  boom i s  a t t a c h e d ,  t h e  p a n e l  cannot  e x t e n d  more t h a n  2 7 . 9 1  
f e e t  l ess  t h e  d e s i r e d  t e t h e r  c l e a r a n c e .  The MSFC f o u r - p e t a l  
a r r angemen t  i s  n o t  s u i t a b l e ,  as t h e  e x t e n s i o n  i s  47.0 f e e t .  
The MSFC p a n e l s  and t h e  38.4 f o o t  s q u a r e  a r r a y  c o n f i g u r a t i o n s  
are shown i n  F i g u r e  6 .  

The 6000  f t  l b  s e c  a n g u l a r  momentum c a p a b i l i t y  o f  t h e  
t h r e e  C M G ' s  r e q u i r e s  t h a t  t h e  v e c t o r s  of  e a c h  are a l i g n e d  and 
t h e i r  sum r o t a t e s  t o  c o u n t e r  t h e  t e t h e r  t o r q u e .  T h i s  i s  n o t  
a l w a y s  p o s s i b l e  because  o f  g imbal  l i m i t s  on t h e  g r y o s .  The 
a b s o l u t e  minimum i s  t h e  momentum of  a s i n g l e  g ryo ,  2000 f t  l b  
s e c .  I f  e q u a t i o n  (34)  i s  s o l v e d  f o r  bmax w i t h  Hmax = 2000 
f t  l b  s e c ,  bmax = 9 . 4 4  f e e t .  I n  t h i s  c a s e ,  l ess  t h a n  4 f e e t  
a r e  a v a i l a b l e  on t h e  boom s i d e  o f  t h e  LM-ATM f o r  s o l a r  p a n e l s .  
T h i s  would r e q u i r e  a non-symmetr ical  s o l a r  p a n e l  c o n f i g u r a t i o n ,  
or a s y m m e t r i c a l  c o n f i g u r a t i o n  w i t h  l o n g  p a n e l s  e x t e n d i n g  f rom 
two o p p o s i t e  s ides ,  n e i t h e r  of  which i s  t h e  s i d e  t o  which t h e  
boom i s  a t t a c h e d .  

SUMMARY 

If t e t h e r e d  o p e r a t i o n  o f  t h e  LM-ATM i s  i n c l u d e d  i n  t h e  
AAP-3/AAP-4 m i s s i o n s ,  t h e  t e t h e r  wrap-up problem c a n  be a v o i d e d  
by t h e  e x t e n d e d  boom scheme. G r a v i t y - g r a d i e n t  s t a b i l i z a t i o n  of  
t h e  t e t h e r e d  assembly  i s  f e a s i b l e ,  b u t  f i x e d  s t a b i l i t y  c r i t e r i a  
can  be o b t a i n e d  o n l y  i f  t h e  boom i s  h e l d  no rma l  t o  t h e  o r b i t a l  
p l a n e .  To s a t i s f y  t h i s  r e q u i r e m e n t ,  f o r  any a n g l e  between t h e  
s u n l i n e  and t h e  o r b i t a l  p l a n e ,  t h e  boom p o s i t i o n  w i t h  r e s p e c t  
t o  t h e  LM-ATM must be v a r i a b l e  abou t  one LM a x i s .  

The magnitude of t h e  a n g u l a r  momentum v e c t o r  o f  t h e  
C o n t r o l  Moment Gryo s y s t e m  p l a c e s  l i m i t s  on t h e  l e n g t h  o f  t h e  
boom. C o n s t a n t  t e t h e r  t e n s i o n  r e s u l t s  i n  a t o r q u e  on t h e  LM-ATM 
b e c a u s e  i t  a c t s  on t h e  LM a t  a moment arm a p p r o x i m a t e l y  e q u a l  t o  
t h e  boom l e n g t h .  S i n c e  t h e  LM r o t a t e s  w i t h  r e s p e c t  t o  t h e  
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t e t h e r  once each  o r b i t ,  t h e  t o r q u e  a b o u t  any LM a x i s  i s  
p e r f e c t l y  p e r i o d i c  arid i n t e g r a t e s  te z e r o  w i t h  t i m e .  Al though 
t h e  n e t  r e q u i s i t e  change i n  CMG a n g u l a r  momentum i s  z e r o  a f t e r  
an o r b i t ,  t h e  t e t h e r  t o r q u e  must a lways  b e  c o u n t e r e d  by t h e  
C M G ' s .  I f  t h e  sum of t h e  momentum v e c t o r s  ( 6 0 0 0  f t  l b  s e c )  
can  b e  u s e d , t h e  boom can be  e x t e n d e d  27.91 f e e t  f rom t h e  LM 
c e n t e r l i n e  ( a s suming  a 1 0 0  f o o t  t e t h e r ) .  T h i s  i s  n o t  p o s s i b l e  
f o r  a l l  o r i e n t a t i o n s  o f  t h e  boom because  o f  g r y o  g imba l  l i m i t s .  
The a b s o l u t e  minimum a v a i l a b l e  i s  t h e  momentum o f  a s i n g l e  CMG 
(2000 f t  l b  s e c )  and he re  t h e  boom e x t e n s i o n  i s  l i m i t e d  t o  9.44 f t .  
I f  t h i s  scheme i s  adop ted ,  t h e  c o n f i g u r a t i o n  o f  t h e  LM-ATM s o l a r  
p a n e l s  must b e  changed from t h e  p r e s e n t  MSFC d e s i g n .  The 
c r u c i f o r m  o f  1350 sq.  f ee t  a r e a  w i l l  n o t  c l e a r  t h e  t e t h e r  even  
w i t h  t h e  boom a l lowed  b y  u s i n g  t h e  maximum CMG c a p a c i t y .  But 
s e v e r a l  o t h e r  p a n e l  c o n f i g u r a t i o n s  w i l l  p r o v i d e  c l e a r a n c e ,  
even  w i t h  t h e  boom a l l o w e d  by t h e  momentum c a p a c i t y  o f  a 
s i n g l e  CMG. 
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